spring-time indoor temperatures in UK homes over the period 1969-2010: A review and synthesis The study also emphasises that improving the energy efficiency of homes should be the primary means to effect any increases in indoor temperatures that are deemed essential.
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Introduction
Within the UK, energy used in homes accounts for more than 25% of total national energy consumption. Up to two thirds of the energy used in homes is for the purposes of space and water heating, with the attainment of occupant thermal comfort therefore having a direct bearing on energy demand. The UK Government is embarking upon a large scale program of refurbishment for its housing stock, financially supported by the 'Green Deal', with the aim of improving the energy efficiency of existing homes through improvement in space and water heating systems and reductions in whole house heat loss. However, there is a risk that much of the anticipated energy savings may not be realized in practice as people may choose to maintain their homes at temperatures higher than those before refurbishment. Studies have shown that actual savings from the energy efficient retrofitting of existing houses have amounted to less than half of the predicted savings for a variety of reasons that include quality and detailing of the refurbishment process as well as the 'takeback' process -the latter initiated due to improvements in thermal comfort (Hong et al. 2006 ). The 'take-back' (a result of improved thermal comfort and consequently reduced clothing level) was also observed in another study where an increase of whole house neutral temperature from 18.9°C to 19.1°C was recorded after the installation of energy efficiency measures (Hong et al. 2009 ). Therefore, an in-depth understanding of indoor thermal conditions and people's domestic thermal comfort is required so that energy efficiency upgrades are delivered, and anticipated energy savings are achieved, whilst also fulfilling people's thermal comfort needs. Currently there is limited knowledge on bedrooms? There appears to be a generally-held belief that UK domestic indoor temperatures have been increasing over the last few decades, but is this actually the case?
This paper provides some answers, clarifications and insights that help towards addressing these questions. This is achieved by conducting a historical review and synthesis of measured data on temperatures in UK homes since 1969, together with an analysis of the temperature data that were recorded in solid-walled homes in the East Midlands area as part of the CALEBRE 1 research project.
A review of measured UK domestic temperatures
A review of indoor temperatures recorded in surveys of UK homes from 1969 is given in this section and is largely focused on heating season (winter and spring) temperatures. An increased awareness of the health risks to the elderly as a result of living in low indoor temperatures in cold environments led to studies of indoor temperatures in homes during the 1960s and 1970s. A survey conducted in February1969 of 144 homes (a mix of modern flats and substandard homes) occupied by elderly people found that living room and bedroom temperatures were in the range of 3-14°C in substandard houses while in modern flats they were in the range of 9-17°C (Collins, 1986) . One of the first large scale surveys of indoor temperatures was carried out in the winter of 1972 and covered a sample of 1020 elderly people (aged 65 and over) living in 100 constituencies across Great Britain, including the London Borough of Camden (Fox et al. 1973 (Collins et al. 1977) .
To investigate at what temperatures people were living in their homes, a large scale survey was carried out by The Building Research Establishment in 1978 (Hunt & Gidman, 1982) .
The survey took spot measurements of temperatures in each room of the randomly selected 1000 dwellings. The dwellings were a mix of owner occupied and local authority rented properties and were located in 50 towns across England, Scotland and Wales. (which were reported as satisfactory) were 3°C lower than the long term preferred temperature at the office. The study suggested that the increased tolerance toward lower temperatures at home could be as a result of people having to pay for their domestic fuel themselves (as opposed to their employer paying the fuel bill).
A survey of internal temperatures in new homes was conducted by Oseland in winter and summer of 1991/92 with the aim of investigating differences between reported and predicted neutral temperatures in homes as well as seasonal differences in neutral temperatures (Oseland, 1994 (Milne & Boardman, 2000) .
The CaRB project conducted a follow-up study of 15 'low-energy' dwellings in Milton Keynes, UK (Summerfield et al. 2007 . These homes were occupied by households who were identified as being 'fuel poor'. At the time of the study, the prevailing definition was that a household is said to be in fuel poverty if it needs to spend more than 10% of its income on fuel to maintain a satisfactory heating regime (usually 21°C for the main living area, and 18°C for other occupied rooms) (DECC, 2011) . The aim of the Challenge 100 project was to eradicate fuel poverty for 100 families, in 100 homes, in 100 days.
Therefore, energy efficiency upgrades were carried out for these houses, and temperatures were monitored after the refurbishment. An average temperature of 19.2°C in living rooms and 19.3°C in bedrooms was recorded. The review of measured UK domestic temperatures presented above, together with further recent data to be presented in the next section, is discussed later in section 4 of this paper. Dwelling Size 85% of solid wall properties have an area of more than 50sqm, the remaining 15% (being less than 50sqm) comprising 1-2 bedroom properties.
Current temperatures in UK homes
All CALEBRE properties had an area of more than 50sqm
Regional Locations (Government office regions)
30% of the total solid wall housing stock is in London, while less than 3% are in the north east, the rest being located evenly in other regions
All properties located in East Midlands
Regional Location (urban /rural) 75% of the total solid wall housing stock is located in urban centres (not city centres) and suburban residential regions 75% of CALEBRE properties (n=15) in urban centres and suburban residential regions. Remaining properties: 10% village centre, 5% city centre, 5% rural residential, 5% rural
Type of Tenure 80% of the total solid wall housing stock is owner occupied and privately rented occupied
All owner occupied
Type of Fuel Used 85% of solid wall dwellings use gas for heating.
All gas central heating Household Composition
Solid wall properties have an even mix of household composition that includes couples less than 60 years of age with and without dependent children, couples above the age of 60 years with no dependent children, multi person households and lone parents.
55% of CALEBRE households were couples aged less than 60 years with dependent children; 15% multi person households; 10% couples under 60 years with no dependent children; 10% lone person over 60 years; 5% couples less than 60 years without dependent children; 5% lone person less than 60 years under furniture, and also ensuring that they were not exposed to direct sunlight or any other heat source.
Analysis of CALEBRE data collected
Summary statistics of the outdoor and indoor living room and bedroom temperatures recorded during the winter and spring study periods are given in Table 2 . Outdoor temperature was recorded by the local weather station operated by the Department of Geography at Loughborough University. No house in the sample was more than 15 miles from this weather station. Average outdoor temperatures of 2.4°C and 8.4°C were recorded during the winter study period and spring study period, respectively. As shown in Table 2 , a wide range of indoor temperatures, ranging from a minimum of 10.9°C to a maximum of 25.9°C were recorded during both study periods. However during the hours of evenings (18:00 to 24:00), average living room temperatures were 18.7°C (SD= ±1.6°C) and 18.4°C
(SD= ±2.5°C) for winter and spring study periods, respectively. Average of bedroom temperatures during the night (00:00 to 06:00) was 17.2°C (SD= ±1.5°C) and 17.4°C (SD= ±2.5°C) for winter and spring study periods, respectively. These time periods were selected as being those when living rooms and bedrooms were most likely to have been occupied.
Hourly average, maximum and minimum temperatures 2 recorded in living rooms during evenings (18:00 to 24:00) and in bedrooms during nights (00:00 to 06:00) together with outdoor temperatures for the winter study period (11-24 February 2010 ) and the spring study period (01-14 April 2010) are compared with the WHO recommended temperatures (Ranson, 1988) in Figure 1 
Percentage distribution of temperatures
The percentage distribution of living room temperatures recorded during evenings (18:00 to 24:00hrs) and bedroom temperatures recorded during nights (00:00 to 06:00hrs) are shown in Figure 5 . In living rooms, 93% of temperatures recorded during the winter study period and 84% of temperatures recorded during the spring study period were below the WHO-recommended value of 21°C. In bedrooms, 68% of temperatures recorded during the winter study period and 53% of temperatures recorded during the spring study period were below the WHO-recommended value of 18°C. A small proportion of temperatures were above the recommended values. In living rooms, 7% of temperatures recorded during the winter study period and 14% of temperatures recorded during the spring study period were above 21°C. In bedrooms, 8% of temperatures recorded during the spring study period were above 18°C, although none of the winter study temperatures were above 18°C.
These findings show that for the solid-walled houses investigated, a significant proportion of the temperatures recorded during periods of likely occupancy were below the WHOrecommended values of 21°C and 18°C suggesting that, either the householders choose to live at lower temperatures, or that these houses were not able to achieve and maintain the recommended temperatures. 
Temperature variations according to time of day
As shown in Figure 6 and Figure 7 , during both study periods, average temperatures were lowest during nights (00:00-06:00) and mornings (06:00-09:00), gradually increased during the day time, and peaked during evenings suggesting operation of space heating during occupation. A high proportion of the CALEBRE houses had someone who was often at home in the day; almost half of the sample (45%) fell into this category. The above data gathered during 2010 on solid-walled dwellings in Loughborough, as part of the CALEBRE project, were added to those from the historical review and are discussed later (in section 4). 
Reported thermal comfort
In addition to the quantitative temperature data collected in the CALEBRE sample, qualitative data were also gathered on thermal comfort sensations. Whilst this part of the study was not a full thermal comfort survey, nevertheless householders in the properties were asked to report times when they felt their thermal environment was uncomfortable.
They were given a simple diary sheet to complete, identifying which member of the household was reporting the discomfort, the day, time and location in the house and in particular what they might have done to alleviate the discomfort. Data were collected over a period of several weeks in some cases, although not all instances of discomfort were noted. This information provides an insight into whether the temperatures measured in these homes were acceptable or not to their occupants. Any reported adaptive behaviours could suggest some dissatisfaction with the temperature, and that householders wanted some alternative conditions.
A total of 185 records gathered from 18 of the 20 households were analysed to determine the cause of any reported discomfort. Occupants were asked to report discomfort against the following categories: too hot, too cold, too draughty, too stuffy, too damp and too dry.
The suggested reasons for the discomfort and the action taken to alleviate it were also categorised. A total of 66% (n=123) of the diary records indicated that a householder felt that the local environment was too cold at a particular time, almost 22% (n=40) records showed it was too hot, almost 8% (n=14) too draughty and of the remainder: 2% too damp, 2% too stuffy and 1% too dry. The fact that the majority of records from householders stated that they were too cold suggests that the internal temperatures were generally lower than people wanted, the reasons for which require further consideration. It is possible that the homes were too cold because the householders were not able to heat their homes to a higher temperature (perhaps because of an inefficient heating system or as a result of heat losses) or because they chose not to heat their homes sufficiently. Explanations given by the householders for why the room or house was too cold are shown in Table 0 -3. Table 0 -3. Reported reasons for being too cold.
Reason for being too cold Number of records Percentage of total too cold (n=123)
Heating not on 45 37%
Inadequate heating in the room 22 18%
Inactivity -Sitting still 11 9%
Particularly cold night or day 10 8%
Draught of cold from another room 9 7%
Heating had gone off 7 6%
Heating was turned down 5 4%
Just come in from a warmer room 3 2%
Heating only just come on 3 2%
Insufficient clothes on 3 2%
Heating not working properly 2 2%
These results show that the main reason reported for a householder being too cold was that the heating was not turned on in their house or the room in which they were located. In some cases, this was because the heating was programmed to come on at a later time. In other cases, the householder did not use their central heating system and instead switched on a local heater once they entered a particular room. Examples of comments included the following:
• 'Got up early, the heating is not on properly yet' (Female, 6:15 am)
• 'Heating not on at that time' (Male, 10:30pm)
• 'Been out, the house was cold' (Male, 4:00pm)
In some cases, the heating was on in the room, but the temperature was not sufficiently high:
• 'Cold outside and heating not up too high' (Female, 5.40pm)
• 'Checked and found the thermostat had been turned to 19 (°C), not enough!' (Female, 7:45pm) The cases where the heating was not working properly related to temporary faults rather than poor efficiency. The action taken by householders in response to these cold conditions showed interesting results, as shown in Table 0 -4. In many cases, householders did more than one thing in order to feel warmer, so total percentages add up to more than 100%. Move to a location somewhere warmer 3 2%
Eat some hot food or drink 3 2%
Close the window 1 1%
Close the curtains 1 1%
Take a hot bath 1 1%
Go to bed 1 1%
Discussion

A comparison of measured and recommended temperatures in homes
In this final part of the paper, we return to the data reviewed in Section 2 supplemented by that of the CALEBRE study described in Section 3, synthesise and present these data graphically, and then discuss the findings and potential implications. The World Health
Organisation (WHO) conducted a review of evidence from scientific and epidemiological
European studies that investigated adverse effects on health of low indoor temperatures, particularly in high-risk groups. In 'Guidelines for healthy housing' (Ranson, 1988 There have been a limited number of studies conducted of bedroom temperatures.
Inspection of available data in Figure 8 together with their corresponding statistics in Table   5 suggest that many of the measured bedroom temperatures before the 1980s have been lower than the WHO-recommended value of 18 ºC, having increased after the 1980s, to remain mostly in the range of 18 to 21ºC. The CALEBRE study recorded an average bedroom temperature of 18.1 ºC. , elderly residents, located in Birmingham, 1969 , occupied (Collins, 1986 . b. Various house types, elderly residents n = 973 , spread across the UK, 1972, occupied (Fox et al. 1973 ). c. Various house types, elderly residents n = 47 , located in London Borough of Camden, 1972 , occupied (Fox et al. 1973 . d. Same house and residents as in 'c', 1975 'c', -6, occupied (Collins et al. 1977 ). e. Various house types, various types of residents n = 1000 , spread across the UK, 1978, occupied (Hunt & Gidman, 1982) . f 1 . Uninsulated homes n = 15 , various types of residents, 1977 -1978 , occupied (Nevrala & Pimbert, 1981 . 1966 1968 1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 , various types of residents, 1977 -1978 , occupied (Nevrala & Pimbert, 1981 1977 -1978 , occupied (Nevrala & Pimbert, 1981 , various types of residents, spread across the UK, 1986 , occupied (DOE, 1995 . h. Low energy home n = 14 , various types of residents n = 38
, located in Milton Keynes, 1989-91, occupancy may vary (Summerfield et al. 2007 ). i. Various house types n = 25000 , various types of residents, spread across the UK, 1991 , occupied (DOE, 1996 . j. Owner-occupied homes n = 860 of similar size and design, with cavity and loft insulation, double glazing, built during 1998-1990 by only 2-3 different building companies, various types of residents, spread across the UK, 1991-92, occupied (Oseland, 1994) 
Have domestic indoor temperatures risen over the last 40 years?
There exists a popular belief that temperatures in UK homes have risen over the last few decades, but to what extent is this actually the case? Work by Utley and Shorrock (2008) suggests that indoor domestic temperatures have risen. However, their reference is to that of an increase in whole house temperatures, with estimates of temperature rise being predominantly based on modelling work together with findings from a limited selection of measured data. Our synthesis and presentation in Figure 8 of a large selection of measured data shows a generally horizontal trend, suggesting that there has been little or no increase in winter and spring-time average living room temperatures measured during largelyoccupied periods over the last 40 years.
However,, bedroom winter and spring-time average temperatures measured during largelyoccupied periods do appear to have increased over the last 40 years, though this is based only on the limited data available. Any increase in average bedroom temperatures would, however, be consistent with the historical growth of domestic central heating installations, as well as reduction in whole house heat loss. It has been noted (Utley & Shorrock, 2008) that central heating ownership has increased from 30% in 1969 to 55% in 1979 and to 75% in 1990. Considering average living room and average bedroom temperatures together, there would have been a slight increase in whole house temperature, consistent with the preceding discussion. Shipworth et al. (2010) found no statistical evidence for changes in reported thermostat settings in English homes between 1984 and 2007, suggesting that the extent of dwelling area heated, amongst other things, might explain why domestic heating energy use has not declined despite efficiency improvements. The lack of change in reported thermostat setting would be in accord with the findings we present in this paper.
Indoor domestic thermal comfort
Compared with thermal comfort investigations in commercial and office environments, there have been relatively fewer studies on domestic thermal comfort, either in the UK or elsewhere. For the UK, Oseland's study (Oseland, 1994) concluded that reported neutral temperatures were lower than those predicted by ISO7730 (BSI, 2005) . A further study by Oseland (1995) found a context effect, namely that reported neutral temperatures in homes were lower than those in offices and climate chambers, for the same set of subjects. The paper suggested that adaptive actions in the domestic context could have been responsible for these differences.
Oreszczyn et al. (2006) It has been suggested that, after receiving energy efficiency upgrades, people may consider a whole house temperature of 20°C to be the most likely comfort temperature (Milne & Boardman, 2000) . Utley and Shorrock (2008) suggest that the overall comfort level in insulated, centrally-heated homes might be around 19-20°C. They also report German work which suggests that, in low energy 'passive' houses, people regard a mean internal temperature of 22ºC as comfortable. Qualitative data gathered on reported thermal comfort from the CALEBRE study (section 3.5) suggests that there may be some degree of dissatisfaction with living room temperatures in solid-wall dwellings, many of these being significantly lower than the WHO-recommended value of 21ºC.
These studies imply that, in order to improve thermal satisfaction, living room temperatures may need to be maintained within the range 20-22ºC. However, this is based on a very limited number of studies, and it is recommended that a thorough investigation of domestic thermal comfort and comfort temperatures be conducted before definite recommendations are made that inform policy.
Any increases in indoor domestic temperatures that are considered essential (on health or comfort grounds for example) should, as far as possible, be achieved by improving the energy efficiency of the house. This highlights the need for refurbishment (better insulation, reduction in heat losses and efficient heating systems and controls) as energy efficient means to achieve higher temperatures and thermal satisfaction in homes where this is needed (i.e. beneficial 'takeback' -see below). The UK Government's Green Deal Policy (HMSO, 2011) offers an important opportunity towards addressing this need.
Considerations for Future Policy
We end our discussion by offering some thoughts and comments for potential consideration in development of future policy.
The software 'RdSAP' is currently used in the UK Government's 'Green Deal' policy for assessing the reduction in energy consumption to be expected following a domestic (Liddell, 2008) . A household is in Fuel Poverty if, in order to maintain an acceptable level of temperature throughout the home, the occupants would have to spend more than 10% of their income on all household fuel use (DEFRA, 2008) . Therefore, some instances of occupant 'takeback' in the form of raised living room temperatures following an efficiency upgrade could be viewed as beneficial, with the possibility of reduced longer-term costs to the NHS. This could open future debate as to whether people have 'a right' to be able to achieve a particular indoor temperature on health and thermal comfort grounds, with excesses being discouraged in some way.
Our evidence of there having been little change in winter and spring-time indoor average living room temperatures over the last forty years tempts one to speculate whether there might be little or no change in such indoor winter and spring-time temperatures over the coming forty years (notwithstanding any takeback effects). Viewing this scenario against the background of predicted increasing outdoor temperatures to be expected as a result of climate change, alongside increasing numbers of homes being refurbished for energy efficiency, should mean improved energy savings that will help the UK towards achieving its 2050 carbon reduction target. As regards the summer period, however, the question of overheating in refurbished dwellings is also receiving attention (Beizaee et al. 2013 ).
Policymakers might give some thought as to how potential future overheating risks might be estimated and minimised as part of current policy-driven energy refurbishment interventions, together with householders being discouraged from future active reduction of summertime indoor temperatures through domestic air-conditioning, for example.
Conclusions
A review of measured data drawn from studies conducted over four decades on winter and spring-time living room and bedroom temperatures in UK homes has been presented in this paper together with analysis of measured data from the recent CALEBRE study. A discussion of thermal comfort in UK homes has also been presented, based on the limited data available to date. Conclusions are as follows:
• For periods when occupation was likely, little or no increase in average winter and spring-time actual living room temperatures appears to have taken place in UK homes over the last 40 years, based on reported measured data, with many recorded living room temperatures having been historically lower than the WHO-recommended value of 21ºC.
• Correspondingly, for periods of likely occupation, there appears to have been an increase in average winter and spring-time bedroom temperatures over the same period, though this is based on limited available data. This increase can likely be attributed to growth in central heating ownership, together with reductions in whole-house heat loss.
From 1990 onwards, average recorded bedroom temperatures have been near to, or above, the WHO-recommended value of 18ºC. Consequently, whole-house temperatures appear to have slightly increased.
• Compared with non-domestic buildings, there have been fewer investigations of domestic thermal comfort, either in the UK or elsewhere. Based on suggestions from the limited range of studies available for the UK situation, living room temperatures may need to be maintained within the range 20-22ºC for thermal satisfaction. However, further detailed investigations of domestic indoor temperatures during occupied hours and domestic thermal comfort are required before definite recommendations can be made.
• Improving the energy efficiency of homes should be the primary means to effect such increases in winter and spring-time indoor temperatures that are deemed as essential, for example on health grounds. The UK Government's Green Deal Policy offers an opportunity to achieve this, possibly alongside enhanced thermal satisfaction. At the same time, consideration should be given to curbing excessive 'takeback'.
• Many winter and spring-time actual living room temperatures have historically been less than the value of 21 o C assumed in software used by Green Deal assessors in recommending whole-house domestic energy efficiency refurbishment packages.
Policymakers should consider how this might be taken into account when estimating savings and payback times within the confines of the Green Deal's 'Golden Rule'.
Further considerations for future policy development should include the relationships between actual domestic indoor living temperatures, take-back, health, and future overheating risk.
